INTRODUCTION
Spatial perception of sound contributes to the ability of humans and animals to produce a mental picture of their surrounding environment. It is known that the head and especially the pinna (outer ear) modify incident sound waves by attenuating or amplifying them, in a frequency dependent manner, before they reach the eardrum (Blauert, 1993) . In particular, the pinna geometry often significantly attenuates the sound at some frequency, causing a spectral notch. In addition, the environmental setting plays a role in altering the sound waves that arrive at the ear.
Interaural time and intensity cues provide robust information about the location of a source relative to the interaural axis. However, these interaural differences are not useful for determining the location relative to the up/down directions. Instead, spectral cues, which vary with the elevation of the sound relative to the ear, are the primary cue for disambiguating location within a so-called "cone of confusion." It is thought that spectral notches, filtered out of the broadband signals by the pinna, are the cues used in this case, because the frequency at which the spectral notch occurs has been shown to be a function of elevation Raykar et al. (2005) .
The filter function for an isolated head that relates the transformation of the acoustic signal by the filtering action of the pinna is known as the Head-related Transfer Function (HRTF). When one considers the effect of the body and environmental obstacles, the appropriate transfer function better labeled as the Binaural
Environmental Transfer Function (BETF).
It is most common to find measurements of HRTFs in the literature. In particular, Grace the HRTF of humans is reported in (Blauert, 1993) , the monkey's HRTF is reported in (Spezio et al., 2000) , gerbil HRTF's can be found in Maki et al. (2003a) , and several researchers have measured the HRTF for cats (Musicant et al., 1990; Xu and Middlebrooks, 1980; Young et al., 1996) . Some BETF measurements have been made in an attempt to extract the effect of environment on human hearing (Rakerd and Hartmann, 1985; Shinn-Cunningham et al., 2005) . Recently, a study of the BETF for gerbils was completed by Maki et al (2003b; .
Studies on the physiology of gerbil hearing have shown that the neurons in the dorsal cochlear nucleus (DCN), which are known to act as spectral notch detectors (Parsons et al., 2001; Spirou and Young, 1991; , have excitatory responses to best-frequency (BF) tones as low as 1 kHz (Parsons et al., 2001) . The question of why the DCN would have this low frequency sensitivity when the spectral notch in the gerbil HRTF occurs at high frequency was partially resolved by the BETF studies carried out by Maki et al (2003a; . They showed that the spectral notches that appear when a gerbil stands on a solid surface occur at low frequencies due to the comb-filtering of the sound field produced by reflections from the floor. They concluded that the surface related cues (as well as posture-related cues) override interaural and spectral cues that have been observed in traditional free-field conditions.
In this research a boundary element method based simulation is used to predict the gerbil BETF in both the free-field and in the presence of a floor for sources in the median plane. The computational results are validated against free-field HRTF measurements. Further computation of the BETF for a gerbil in a simplified envi-Grace ronment are qualitatively compared to experimental results and are used to explore more deeply the possible importance of various anatomical and geometric features in the presence of a reflecting ground plane.
Two pinna geometries are considered and various pinna base measurement areas are used when computing the HRTF and BETF. Additionally, two definitions of the BETF are compared in this research. First, the ratio of the pressure at the base of the pinna to the pressure at this location when the listener and environmental obstacles are absent is considered. Second, the ratio of the pressure at the base of the pinna to the pressure at this location when the listener is absent but the environmental obstacles are present is considered. These different normalizations help highlight the role of the gerbil geometry in the development of the low frequency notch pattern when the surface is present, especially through the comparison of BETF's for several source locations that produce the same incident pressure field at the gerbil ear due to comb filtering.
In that the results presented agree with the experimental findings of (Maki and Furukawa, 2005) , they highlight the utility of a 1 kHz BF tone in the DCN of the gerbil and they support the hypothesis that some animals rely on reflected energy to convey spatial information, such that listening to real or simulated sources in an anechoic environment is not only unnatural, but deprives the listener of information that they expect in order to locate sound sources accurately in their natural environment.
The next section will describe related research that has focused on the computation of the human HRTF and the experimental characterization of the gerbil BETF.
The method section describes the boundary element method used for the simulations Grace shown in this paper. Finally, the results are discussed.
BACKGROUND: Modeling HRTFs
The boundary element method has been used extensively in HRTF modeling. Katz (1998) , (Katz, 2001a) , (Katz, 2001b) , Otani and Ise (2003) , and Kahana (2000) , all used the BEM to compute HRTFs for the human. In these studies the head and pinna shapes were modeled exactly. The studies showed that the computational grids with ten points per wavelength accurately predicted the HRTF. These studies do not indicate that additional features such as a torso or an environmental obstacle can be added easily due to the limit on grid size and computational time. Fels et al. (2004) did include the torso while only using 6 points per wave at the higher frequencies. Naka (2006) included environmental obstacles in that a human model was simulated as in a rectangular room with perfectly reflecting walls. The human model however was created using a cube and a cuboid as the head and torso respectively.
Here a single surface reflection is of interest and the focus is on gerbil hearing as opposed to human hearing. Experimental results imply that when environmental cues are present, the detail of the pinna geometry becomes less important. Thus, the present work uses an anatomical model less complicated than many previous studies but more complex than Naka (2006) . The ground plane is simulated and the waves are resolved using at least 10 points per wave.
As mentioned in the previous section, BEM has been used to predict the human HRTF for frequencies below 5-10 kHz. The gerbil free-field spectral notch occurs between 20-40 kHz, but the related nondimensional frequency is similar to that of interest for human hearing. The nondimensional frequency k N D is defined as
where c is the speed of sound and a is the meaningful length. The CHIEF method is easy to implement but its efficiency is strongly dependent on the choice of the interior collocation points x i . In this research, the CHIEF points were chosen so that they were located close to the maxima of the scattered velocity potential in the interior that appear when no regularization technique is used.
Implementation
The application of the BEM for simulation of the gerbil BETF is computationally intensive. The frequency range of interest spans from 0.5 to 40 kHz. To obtain a Grace surface discretization that has at least 10 points per wave length, the surface panels must be on the order of 0.8 mm in each dimension. The gerbil length is on the order of 100 mm, which means that the number of grid points easily reaches 20000 points.
Thus at least a 20000 × 20000 matrix must be stored and solved.
Therefore, a parallel implementation was developed that incorporated MPI (Message Passing Interface) (Snir et al., 1995) and the ScaLAPACK parallel library (Blackford et al., 1997) was used to find the least square error solution. The global matrices were never created, only the form of the local matrices needed on the processing grid were set up, which greatly reduced the memory requirements. The code was run primarily on an Intel Pentium III linux cluster with 1GB of memory and 2 levels of cache on each node.
The model gerbil geometry is symmetric with respect to the median plane. The source locations of interest for this study are located in the median plane. As such, symmetry was also used to reduce the size of the matrix. The entire body was still discretized, and the influence of all of the panels was incorporated into the integral coefficients; however, only half of the collocation points were used. The boundary element code was validated against the analytical solution for scattering from a sphere Quaranta (2004) .
RESULTS
The BETF is the ratio between the acoustic pressure at the base of the pinna and the acoustic pressure at the ear location when the listener is absent. It is reported in
wherep is the amplitude of the total pressure and p I the incident pressure. The incident pressure p I originates from a tonal point source of strength Q S with radial frequency ω, located at a distance r from the ear location. It is expressed as
with the quantity Q S × ρ fixed as 1 for all of the simulations reported in this paper.
The total pressure,p, is the summation of the computationally determined scattered and analytically defined incident pressures.
The gerbil geometry was built as a parametric model with no emphasis being placed on a complete anatomical description (i.e. no MRI scans were used to create the model). It consisted of an elliptical ear shape, an ellipsoidal head, and an ellipsoidal torso, as shown in Figure 1 . The geometry was parameterized according to data described in (Maki and Furukawa, 2005) . The final geometry data for our model is given in Table I .
The gerbil is modeled as acoustically rigid, even though gerbil fur is undoubtedly absorptive. The effect of incorporating absorption into the model would be to attenuate energy reflected off the gerbil body thus decreasing the influence of the body reflections on the results. The results obtained using the rigid-body gerbil are shown in this paper to agree reasonably well with the experimental data and as such justify the assumption that the energy reflected off the gerbil body have a modest influence on the acoustic features of interest here. Two discretizations of the gerbil geometry were used. A coarser mesh was used to compute the BETF at lower frequencies while a finer mesh was used for the higher frequencies. Table II contains the characteristics of the meshes for the gerbil geometry that includes what will be noted as the first ear shape. At all frequencies, there are at least 15 panels per wave length on the head and 10 on the torso and on the floor. This translated to an ear discretization with (dx, dy, dz) = (0.6, 0.3, 0.7) mm for the coarser grid and (0.4, 0.2, 0.5) mm for the denser grid. This level of discretization was determined to be adequate through grid resolution studies. For the full gerbil/floor simulation, the calculation of the transfer function at a single frequency for a single source using 16 processors on the linux cluster takes up to 40 minutes for the largest grid. However, in the current BEM formulation, the matrices that must be inverted are frequency independent so that subsequent frequencies computed for the same The following questions were addressed:
• How sensitive is the computed BETF to the choice of measurement location at the base of the pinna?
• How sensitive is the computed BETF to ear geometry, and is this consistent across experiments?
• How do the computed results compare with the experimental data?
• Can the effect of environmental cues on the BETF be captured by a BEM simulation? If so, what can we learn from the simulations regarding the importance of such cues on perception?
• Can physical insights be gained by choosing different definitions of the incident field when computing the BETF? 
Sensitivity to measurement location and ear geometry
Analysis showed that the pressure at the base of the pinna is not uniform and thus the computed BETF, in particular the pinna notch frequency and depth, depends upon the grid point selected for analysis. To minimize the dependence of the BETF on the selected measurement location, the average value of the pressure over a small region at the base of the pinna is used. This choice, of computing a spatial average for the reference pressure, makes the results more directly comparable to results from empirical experiments which use a small microphone or orifice to obtain pressure data. These devices effectively take an average across their measurement membrane.
The use of averaging reduced the dependence of the BETF on measurement location, but did not completely remove it.
Figure 2 show two ear geometries studied and three areas over which the pressure Grace at the base of the pinna was averaged. Area 3 includes area 2, and area 2 includes area 1. Figure 3 shows the effect on the BETF of the area for the first ear model.
Two source elevation cases were considered. In both, the source was located 0.3 m from the gerbil head and no torso was present in the model. When no environmental cues and no torso are present, the BETF is exactly the HRTF. The HRTF from the "area 3" average contains three minima of about the same depth. On the other hand, in the HRTF obtained by averaging over "area 1," a single minimum (at 21 kHz) was evident. Moreover, the depths and extent of the minima changed with averaging area. It is in the smallest area case that the excursion of the minimum is greater than 10 dB (a depth that should be easily detectable by the gerbil). When the source was placed at +30
• elevation (Figure 3b ), the effect of the area choice was still present.
From these results, one sees that when a large pinna area is chosen for averaging, some information is lost.
The second ear geometry is slightly less deep than the first ear. The small difference in geometry has a remarkable effect on the HRTF, as shown in Figure 4 . At 0
• source elevation, the HRTF is only slightly dependent upon the averaging area, and a double notch pattern (that is often seen in the experimental data) appears (∼ 27 kHz). For 30
• source elevation, the HRTF does not depend on the averaging area at all. For the first ear geometry, the notch frequency (∼ 21 kHz) corresponds to a wavelength 2.7 times the ear depth and for the second ear geometry, the notch frequency (∼ 27 kHz) corresponds to 3.1 times the ear depth. This similarity in wavelength vs. depth should lead to similar sensitivity of the HRTFs to the averaging areas. On the other hand, it is noted that the second ear case is creating a (a) 0
• source elevation. pinna notch with a wavelength on the order of the height of the pinna. Thus it seems that when there is an obvious geometric driver for the scattering of the incident field leading to the creation of the notch, the averaging area is less important.
The result of the pinna base area study indicates that the HRTF can be sensitive to the location and extent of the measurement device. This is supported by the measurements described in (Maki and Furukawa, 2005) . The results presented in the following sections were all obtained by using the medium size area (i.e. "area 2").
HRTF for gerbil in the free field
The influence of the gerbil torso on the free-field HRTF was investigated using the first ear model and averaging area 2. The notch position was not affected by the presence of the torso, but the notch was slightly shallower when the torso was (a) 0
• source elevation. present. It was thus determined that the HRTF could be studied using just the head of the model gerbil; and as such, the results in this section were obtained for only the gerbil head model. • is off by 5 kHz, for 0 • it is off by 2 kHz, and and for -30
• it matches well. The trend found experimentally of reduced notch depth with increasing elevation is not matched perfectly. In summary, the HRTF for the simulated head and pinna has a notch frequency that is more sensitive to elevation and a notch depth that is less sensative to elevation than that measured for the No. 521 gerbil ear. Overall however, the results give a good fit to the empirical data especially given the crudeness of the geometric model used in the computation. 
Floor Effect on Gerbil BETF
Two geometries were used to model the effect of the floor on the gerbil BETF.
First a thin finite box (0.4 m × 0.4 m × 0.001 m) with the gerbil geometry centered on the box as shown in Figure 8 was considered. Second, an image gerbil was created to simulate an infinite floor. All of the results in this section were obtained for the gerbil geometry that includes the torso. Figure 9 shows the BETF computed using the two floor models (thin box and image gerbil) when the source is at 0
• elevation and a distance of 0.1 m from the gerbil head. The BETF shown is referenced to the free-space incident pressure field.
In the low frequency range, it is clear that the frequency notches are related to interference between the wave coming directly from the source (path A in Figure 10) and the wave reflected by the floor (path B in Figure 10 ). For frequences where the difference between the two path lengths is an odd multiple of half of the wave length, the wave coming from the source and the one reflected by the floor cancel. Overlayed on the computed BETFs in Figure 9 is a curve denoted as the ray method curve. The geometric lengths in this problem are reflected in the BETF. The finite box has a dominant length of 0.2 m from the gerbil to its edges. This translates to a Grace frequency of 1700 Hz. Figure 9 shows that the thin box and image methods differ the most at multiples of 1700 Hz, emphasizing the importance of the box edge scattering in the BETF. The distance of the gerbil ear from the floor is 0.095 m, which relates to a frequency of 3580 Hz. At frequencies below 8 kHz, the difference between the computation that includes the gerbil and the computation for just the floor scattering is greatest at multiples of this frequency. Past a frequency of roughly 8 kHz, when other geometric details such as the head size become much more important, all of the methods diverge.
Originally, the thin box model was developed to simulate the finite extent floor that was used in experiment. However, it is computationally less intensive to study the impact of source distance for example if one uses the infinite floor model (image method) because of the increased grid size that accompanies discretizing a thin box with large extent. Because the main differences between the thin box results and the infinite floor results arise at frequencies associated with the length scale related to the finite floor, and the salient features of the comb-filtering are captured with both methods, the results reported in the rest of this section were obtained using the infinite floor model. A solid wall boundary condition was used here to match the experimental setup of Maki et al. (2003a) . In nature, the gerbil's environment is made of uneven sand covered ground. The results in the limit of complete absorption will correspond to the free-field results discussed in the previous section. In the limit of complete reflection, results will correspond to the results reported in this section.
The image method used to obtain the results in this section cannot be used if one needs to model an uneven ground, or ground with inhomogeneities. Instead, the If one is interested in the importance of the interaction between the environmental cues and the gerbil geometry, it is better to normalize the total pressure at the base of the pinna by the total incident pressure (i.e. the pressure field due to the environment at the pinna location when only the gerbil is absent). When this normalization factor is used, the comb filtering is factored out. What appears are the variations due to various geometrical length scales related to the gerbil. For instance, Figure 12 shows the BETFs with this normalization for the gerbil on an infinite floor (image method).
The length scales associated with the elliptical head geometry are 0.033 m and 0.02 When the normalization is performed using the total incident field, it becomes clear that not only does the reflected energy provide potential elevation cues but that its effect is strengthened by its coupling to various geometrical scales of the listener.
For instance, the notch seen at 9 kHz in the zero elevation case coincides with the wave whose length is equal to half the distance between the floor and the gerbil's chin.
When the source is moved from a distance of 0.3 m to 0.1 m from the gerbil's head, it is the -30
• elevation whose reflection pattern enhances this feature and produces a notch at 9 kHz while the zero elevation case does not exhibit such behavior as seen in Fig. 14.
Because the environmental cues from the floor (in isolation) are dominated by the differences in pathlength between direct and reflected sound (see Fig. 10 ), it is easy to determine the locus of source locations that provide the same environmental cue. difference is highlighted when one computes the BETF using the total incident field as the reference pressure. This highlights an even more subtle feature than displayed in the previous elevation study. Here the differences are not easily associated with specific geometric features.
These subtle differences that appear in the BETF's for isosources in the median the computations show that the floor reflection provides an independent cue for source direction in the median plane and this cue is dependent upon interactions that can be captured via a simulation based on BEM but would not be captured by a simple ray-tracing approach. This gives further support for the importance of simulation tools that are able to incorporate both the listener and environmental effects into the acoustic scattering model.
SUMMARY
A frequency domain boundary element method was used to computationally model the gerbil's binaural environmental transfer function (BETF) for sources located in the median plane. The CHIEF method was implemented to regularize the spurious root phenomenon and the interior points were chosen such that they coin-Grace cided with the location of the maxima in the velocity potential when not regularized.
However, a more robust regularization method is recommended for future use because of the poor performance of the CHIEF method at very high frequency.
A simplified gerbil geometry was created based on anatomical data from gerbils used in empirical experiments and the gerbil was treated as a rigid scatterer. These empirical results provide the validation data for the current study. The ability to both take advantage of the symmetry in the problem (i.e. reduce the number of unknowns) and implement parallel processing lead to reasonable runtimes for simulations spanning a wide range of source frequencies (1-30 kHz) and using surface discretizations of at least 10 points per wave. In most cases 15 or 20 points per wave were used.
Although the gerbil model is very simple, the computations capture notch characteristics that are found experimentally, namely: a) that the BETF consists of multiple notches starting in the range of 1 kHz when the gerbil is on a solid surface, but the HRTF for the free-field contains a low number of notches (often just one) in the ultrasonic range for the free-field condition, b) notch frequency and depth are dependent on pinna geometry for the free-field case but are only slightly dependent on gross anatomical length scales when the surface is present, c) source distance (beyond the very near-field) does not influence the free-field HRTF, but is a critical parameter for the BETF d) an increase in source elevation leads to an increase in the notch frequency for the free-field condition, a decrease in the spacing between notches when the surface is present, and Notches that appear in the low frequency part of the spectrum when the gerbil Grace is on a solid surface, e.g. < 10kHz for the second ear model, are highly dependent upon the interference pattern set up by the reflections from the surface. However, the augmentation of the comb filtering due to the gerbil geometry is present at the lower frequencies. This contribution of the gerbil's anatomy to the BETF for the case of a gerbil standing on a solid surface is best highlighted using the total incident pressure as the normalization factor in the BETF.
The results reported here thus indicate that reflected energy can provide information about source elevation as well as source distance. Moreover, the environmental cues are influenced by the listener geometry and its interactions with the environment and thus cannot simply be superimposed on an HRTF to produce the BETF.
The BEM has been shown to be a powerful tool for predicting the BETF of gerbils in real environments. This tool can now be used to study the effect of environmental inhomogeneities, environmental and animal fur acoustic absorption, and predator sound cues.
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